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ABSTRACT
Red quasars are thought to be an intermediate population between merger-driven star-forming
galaxies in dust-enshrouded phase and normal quasars. If so, they are expected to have high accretion
ratios, but their intrinsic dust extinction hampers reliable determination of Eddington ratios. Here,
we compare the accretion rates of 16 red quasars at z ∼ 0.7 to those of normal type 1 quasars at the
same redshift range. The red quasars are selected by their red colors in optical through near-infrared
(NIR) and radio detection. The accretion rates of the red quasars are derived from the Pβ line in
NIR spectra, which is obtained by the SpeX on the Infrared Telescope Facility (IRTF) in order to
avoid the effects of dust extinction. We find that the measured Eddington ratios (Lbol/LEdd ≃ 0.69)
of red quasars are significantly higher than those of normal type 1 quasars, which is consistent with
a scenario in which red quasars are the intermediate population and the black holes of red quasars
grow very rapidly during such a stage.
Subject headings: galaxies: evolution – (galaxies:) quasars: emission lines – (galaxies:) quasars:
supermassive black holes – galaxies: active – infrared: galaxies
1. INTRODUCTION
Most of our understanding of quasars is based on
normal type 1 quasars found by X-ray, ultraviolet
(UV), optical, and radio surveys (Grazian et al. 2000;
Becker et al. 2001; Anderson et al. 2003; Croom et al.
2004; Risaliti & Elvis 2005; Schneider et al. 2005;
Ve´ron-Cetty & Ve´ron 2006; Young et al. 2009). More-
over, normal type 1 quasars have been studied by us-
ing the luminosities in several wavelengths such as X-
ray, UV, optical, and radio. However, several studies
have suggested that the UV/optical quasar surveys could
miss a large number of quasars because some quasars
are obscured by intervening dust in their host galaxy
(Webster et al. 1995; Cutri et al. 2002) or by the inter-
stellar medium of our galaxy (Im et al. 2007; Lee et al.
2008).
These dust-obscured quasars would appear to have
red colors, requiring different selection techniques to
find them. Many studies have been carried out
to search for red quasars (e.g., Webster et al. 1995;
Benn et al. 1998; Cutri et al. 2001; Glikman et al. 2007,
2012, 2013; Urrutia et al. 2009; Banerji et al. 2012;
Stern et al. 2012; Assef et al. 2013; Fynbo et al. 2013;
Lacy et al. 2013). Such studies commonly take advan-
tage of large area near-infrared (NIR) surveys such as
the TwoMicron All-Sky Survey (2MASS; Skrutskie et al.
2006), the UKIRT Infrared Deep Sky Survey (UKIDSS;
Lawrence et al. 2007), the Spitzer Wide-area Infrared
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Extragalactic Survey (SWIRE; Lonsdale et al. 2003),
or the Wide field Infrared Survey Explorer (WISE ;
Wright et al. 2010). In particular, red quasars are found
by selecting for objects with very red colors in the op-
tical through NIR based on 2MASS (Cutri et al. 2001;
Glikman et al. 2007, 2012; Urrutia et al. 2009), UKIDSS
(Banerji et al. 2012; Fynbo et al. 2013; Glikman et al.
2013), SWIRE (Lacy et al. 2007, 2013), or WISE
(Stern et al. 2012; Assef et al. 2013). In addition, X-ray
surveys have been conducted to uncover dust-obscured
quasars (Norman et al. 2002; Anderson et al. 2003;
Risaliti & Elvis 2005; Young et al. 2009; Brusa et al.
2010).
Pieces of observational evidence suggest that red
quasars are a young population based on their (i)
enhanced star formation activities (Georgakakis et al.
2009); (ii) a high fraction of merging features
(Urrutia et al. 2008; Glikman et al. 2015); (iii) young
radio jets (Georgakakis et al. 2012); and (iv) red
continuum from dust extinction, possibly caused by
their host galaxies (Glikman et al. 2007; Urrutia et al.
2009). These pieces of observational evidence point
to a picture in which red quasars are the intermedi-
ate population between the merger-driven star-forming
galaxies often seen as ultraluminous infrared galax-
ies (ULIRGs; Sanders et al. 1988; Sanders & Mirabel
1996) and normal blue quasars (Glikman et al. 2007,
2012; Urrutia et al. 2008, 2009; Georgakakis et al. 2009,
2012). In particular, simulations (Menci et al. 2004;
Hopkins et al. 2005, 2006, 2008) have shown that a ma-
jor merger can trigger intense star formation and buried
quasar activity. After that, the quasar grows with a
high Eddington ratio but is still red because of remaining
dust and gas, and the host galaxy is expected to show
merger signatures and star formation activity. Finally,
the quasar becomes a normal quasar after sweeping away
the gas and dust from the quasar-driven wind. Such a
scenario suggests that red quasars are in the interme-
diate stage between merger-driven star-forming galaxies
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and normal type 1 quasars.
However, other explanations have been proposed to ex-
plain the existence of red quasars. Wilkes et al. (2002)
suggested that the red colors of red quasars arise from
the viewing angle in the quasar unification scheme when
the accretion disk and the broad-line region (BLR)
are viewed through a dust torus. Another sugges-
tion is that red quasars have intrinsically red colors,
i.e. an unusual covering factor of hot dust, a contam-
ination from host galaxy light, or synchrotron emis-
sion that peaks at NIR wavelengths from radio jets
(Puchnarewicz & Mason 1998; Whiting et al. 2001; Rose
2014; Ruiz et al. 2014).
One observational test for red quasars as an interme-
diate population, under the merger-driven galaxy evo-
lution scenario, is to investigate whether red quasars
exhibit high accretion rates. In this regard, previ-
ous studies (Canalizo et al. 2012; Urrutia et al. 2012;
Bongiorno et al. 2014) have shown that red quasars could
have higher accretion rates than normal quasars and dif-
ferent scaling relations of MBH–LB and MBH–M∗ com-
pared to those of normal quasars. However, the ac-
cretion rates of red quasars are still controversial since
most of the black hole (BH) mass and the bolomet-
ric luminosity estimators are based on flux measured in
the UV or optical (Kaspi et al. 2000; Vestergaard 2002;
McLure & Dunlop 2004; Greene & Ho 2005).
A major difficulty in estimating BH masses using UV
or optical light is that they are easily affected by dust
extinction. For example, if a quasar is reddened by a
color excess of E(B − V ) = 2 mag, its Hβ and Hα
line fluxes are suppressed by factors of 860 and 110,
respectively, assuming the Galactic extinction law with
RV = 3.1 (Cardelli et al. 1989). Furthermore, estimates
of E(B − V ) values of red quasars can be quite uncer-
tain, where the difference in E(B − V ) estimates can be
as large as ∆E(B − V ) = 1.0 − 2.0 mag for different
methods (Glikman et al. 2007; Urrutia et al. 2012). The
amount of extinction can also depend on dust properties
such as grain sizes and the temperature of the dust, mak-
ing it more difficult to make an accurate correction for
it. Between color excess values of E(B − V ) = 1 and 2,
the amounts of the extinction in Hβ and Hα line fluxes
are different by factors of 30 and 10, respectively.
However, the Paschen and Brackett hydrogen lines in
the NIR and mid-infrared (MIR) mitigate the disadvan-
tages of the UV/optical measurements. In the case of
E(B − V ) = 2 mag, Pβ, Pα, Brβ, and Brα line fluxes
would be suppressed by factors of 3.97, 2.16, 1.62, and
1.31, respectively, which are much less than those for
the Hβ and the Hα lines. Consequently, the uncertain-
ties of the NIR flux estimates due to E(B − V ) errors
are significantly reduced. For these reasons, several NIR
BH mass estimators are established by using Paschen
(Kim et al. 2010; Landt et al. 2013) and Brackett series
lines (Kim et al. 2015).
In this paper, we estimate MBH and Lbol values for
16 red quasars at z ∼ 0.7. The MBH and the Lbol
values are estimated with Pβ (1.28µm) line properties
(Kim et al. 2010), and we compare the accretion rates of
the red quasars to those of normal type 1 quasars, show-
ing that accretion rates are much higher for red quasars.
Throughout this paper, we use a standard ΛCDM cos-
mological model of H0=70 km s
−1 Mpc−1, Ωm=0.3, and
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Fig. 1.— Top: redshift distributions of red quasars and normal
type 1 quasars normalized by the sample size. The red solid and
the blue dashed histograms represent the red quasars and normal
type 1 quasars, respectively. Bottom: Lbol vs. redshift for red
quasars and normal type 1 quasars. The circles and the blue dots
represent red quasars and normal type 1 quasars, respectively, and
the colors in the circles indicate their dust reddening values as
shown in the legend. The Lbol values of the red quasars come from
Pβ luminosities, and L3000 and L5100 are used for the Lbol values
of the normal type 1 quasars.
ΩΛ=0.7 (e.g., Im et al. 1997).
2. SAMPLE AND OBSERVATION
2.1. The Sample
Our sample is drawn from red quasars listed in pre-
vious studies (Glikman et al. 2007; Urrutia et al. 2009).
The previous studies selected red quasar candidates by
using a combination of red colors in the optical through
NIR (e.g., R−K > 4 and J −K > 1.7 in Glikman et al.
2007; r′−K > 5 and J −K > 1.3 in Urrutia et al. 2009)
and FIRST (Becker et al. 1995) radio detection. Then,
they confirmed red quasars with spectroscopic follow-up.
The previous studies found ∼80 red quasars, whose red-
shifts ranged from 0.186 to 3.050. These red quasars are
very luminous (-31.61< Mi <-23.19; e.g., Urrutia et al.
2009) and obscured by dust (0.186≤ E(B − V ) ≤ 3.05),
and they show strong evidence of ongoing interaction
(Urrutia et al. 2008; Glikman et al. 2015). Moreover,
their spectra are well-fitted by normal type 1 quasar spec-
trum with a dust reddening law.
Among the red quasars, we select 20 red quasars at z ∼
0.7 (from 0.56 to 0.84) for our study where the redshifted
Pβ line is observable in the sky window at the K-band.
Moreover, our sample is bright (K <15.5 mag) and has
a wide range of luminosities (-31.78<MK <-26.90 mag).
In order to compare the accretion rates of the red
quasars to those of normal type 1 quasars, we select type
1 quasars from the quasar catalog (Schneider et al. 2010)
of the Sloan Digital Sky Survey (SDSS) Seventh Data
Release (DR7; Abazajian et al. 2009). The catalog con-
tains 105,783 spectroscopically confirmed quasars with
wide ranges of redshifts from 0.065 to 5.4, and r′ band
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Object List
Objects Redshift E(B − V ) K r′ −K J −K
(z) (mag) (mag) (mag)
0825+4716 0.803 0.52 14.11 6.42 2.98
0911+0143 0.603 0.63 14.87 6.28 1.59
0915+2418 0.842 0.36 13.79 6.47 2.74
1113+1244 0.681 1.41 13.67 6.06 2.47
1227+5053 0.768 0.38 14.61 4.16a 1.71
1248+0531 0.740 0.26 14.63 6.06 3.45
1309+6042 0.641 0.95 14.80 6.77 3.09
1313+1453 0.584 1.12 14.48 5.65 2.30
1434+0935 0.770 1.14 14.90 6.19 2.10
1532+2415 0.562 0.70 14.96 5.13a 1.87
1540+4923 0.696 0.97 15.18 5.31 2.28
1600+3522 0.707 0.22 14.17 4.42a 2.24
1656+3821 0.732 0.88 15.09 6.91 2.26
1720+6156 0.727 1.50 15.20 6.44 1.95
2325−1052 0.564 0.50 15.24 4.46a 2.14
2339−0912 0.660 1.25 14.09 5.16 1.63
Note. — a: R−K mags from Glikman et al. (2007)
magnitudes of 15.2< r′ <22.9. In order to avoid sample
bias effects, we choose quasars with the same selection
criteria as the red quasars except for the red colors: (i)
the same redshift range of 0.56≤ z ≤0.84; (ii) FIRST
radio detection; and (iii) detection in the J-, H-, and K-
bands from 2MASS. In the end, 410 SDSS quasars are
found and used as the control sample. Figure 1 shows
the redshift distribution and the bolometric luminosity
(see Section 4.2) vs. redshift of these 16 red quasars and
410 normal type 1 quasars. Note that the red quasars
have a bolometric luminosity in the range of ∼ 1046–
1047 erg s−1.
2.2. Observations
NIR spectra of the 20 red quasars were obtained using
the SpeX instrument (Rayner et al. 2003) on the NASA
Infrared Telescope Facility (IRTF). Descriptions of the
observations of 11 of the 20 red quasars are given in
Glikman et al. (2007, 2012). Additionally, we obtained
IRTF NIR spectra for the remaining nine sources. In
the observation, we used the short cross-dispersion mode
(SXD: 0.8–2.5µm), whose spectral wavelength range in-
cludes redshifted Pβ lines. We performed observation
with a 0.′′8 slit width to achieve a resolution of R ∼750
(400km s−1 in FWHM), which is sufficient for the mea-
surement of the width of broad emission line. Note that
this observational setup is nearly identical to that of
Glikman et al. (2007, 2012).
For telluric correction, we obtained the spectrum
of an A0V star after the observation of each target.
The A0V stars were chosen to be near the red quasar
(∆airmass < 0.1 and separation < 15◦). We use the
Spextool (Vacca et al. 2003; Cushing et al. 2004) pack-
age to produce fully reduced spectra.
Our observations were performed under clear weather
conditions and with a sub-arcsecond seeing of ∼0.′′7,
and we detect Pβ emission line for five red quasars
(0911+0143, 1248+0531, 1309+6042, 1313+1453, and
1434+0935) with a signal-to-noise ratio (S/N) of> 5. We
do not detect Pβ line in the remaining four red quasars
due to the low S/N of our data (1106+2812, 1159+2914,
1415+0903, and 1523+0030), and they are excluded in
the following analysis. In total, we use 16 red quasars at
z ∼ 0.7 (from 0.56 to 0.84) among 20 quasars for which
we got IRTF spectra. Table 1 summarizes the basic in-
formation of these 16 red quasars.
3. ANALYSIS
We shift the fully reduced spectra to the rest
frame, and correct the spectrum by adopting E(B −
V ) values from previous studies (Glikman et al. 2007;
Urrutia et al. 2009) in the rest frame for each object.
The E(B − V ) values were determined by comparing
the spectra of the red quasars to the composite spec-
trum of quasars from the FIRST Bright Quasar Survey
(Brotherton et al. 2001) combined with a NIR quasar
composite (Glikman et al. 2006). For the reddening law,
these studies used the relation from Fitzpatrick (1999)
based on an average Galactic extinction curve from the
IR through the UV with the conditions of RV = 3.1
and the elimination of a 2175 A˚ bump, which makes it
similar to the Small Magellanic Cloud extinction curve.
Although Glikman et al. (2007) provides the E(B − V )
values by using the Balmer decrement method for two
targets, we use the E(B − V ) values by continuum fit
because that the continuum based values are available
for all of the objects.
After that, we determine the continuum around the
Pβ line to estimate the Pβ line full width half maxi-
mum (FWHM) and luminosity. The continuum-fitting
regions are chosen as 1.21–1.25µm and 1.31–1.35µm,
with a width of 0.4µm. The continuum-fitting regions
are 0.03µm away from the Pβ line, where the width of
0.03µm corresponds to ∼7000kms−1, which is similar
to 2×FWHM of a broad-line of a typical type 1 quasar.
We fit the continuum with a linear function because the
NIR spectrum around Pβ line can be approximated with
a power-law component over a limited wavelength range
(Glikman et al. 2006; Kim et al. 2010, 2015).
After the continuum subtraction, we fit the Pβ emis-
sion line with a single Gaussian function. An IDL pro-
cedure, MPFITEXPR (Markwardt 2009) code was used to
fit the line. For the fit, we set free the central wave-
length, integrated flux, and FWHM of the Gaussian
component. The fit provides the FWHM and the in-
tegrated flux of the Pβ line, and the measured FWHM
values were corrected for the dispersion in the wavelength
due to the spectral resolution of the instrument through
an equation of FHWM =
√
FWHMobs
2
− FWHMinst
2
where FWHMinst = 400 km s
−1. The single component
fitting can introduce a small systemic bias in the de-
rived values of FWHM and line luminosities. To cor-
rect for this bias, we adopted the correction factors of
FWHMmulti/FWHMsingle=0.91 and Lmulti/Lsingle=1.06,
which are derived from higher-resolution Balmer line pro-
files of other normal type 1 active galactic nuclei (AGNs;
Kim et al. 2010; see also the discussion in Kim et al.
2015).
The formal fitting uncertainties are found to be 4.7%
(from 1.0% to 24.6%) and 6.9% (from 1.3% to 34.7%)
for the FWHM and the flux, respectively. Several high
(> 10%) formal fitting uncertainties are due to the fact
that the observed Pβ line is located at the edge of the
spectral window of SpeX (for 0915+2418), or the spec-
trum has a low S/N (for 1227+5053 and 2325−1052).
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Fig. 2.— Results of the fitting of Pβ lines with a Gaussian function. The continuum is already subtracted. The gray lines indicate
observed spectra in the rest frame, and the black lines and the bars indicate binned spectra with a spectral resolution of R ∼ 750 and
associated errors. The red solid lines represent the best-fit model.
An additional uncertainty is considered since the values
of the fitted parameter vary with how we define the con-
tinuum level. We varied the wavelength regions in the
vicinity of the Pβ line for the continuum fit, and we
find that the variation of the continuum level yields to
a change of 6.0% (from 0.9% to 36.9%) in the FWHM
values and 6.9% (from 0.9% to 43.9%) in the flux val-
ues. Overall, we combined these two uncertainties in the
quadrature (σ2tot = σ
2
a + σ
2
b). The combined uncertain-
ties of the FWHM and the flux are 10.0% (from 2.4% to
38.0%) and 10.6% (from 3.1% to 45.5%), respectively,
which corresponds to 0.10 dex in MBH value.
4. BH MASSES AND BOLOMETRIC
LUMINOSITIES
4.1. BH Masses
For estimating virial masses of red quasars, we adopted
the Pβ scaling relation (Kim et al. 2010) after adjusting
the relation to have a recent virial coefficient of log f =
0.05 (Woo et al. 2015). The modified relation is
MBH
M⊙
= 107.04±0.02
(
LPβ
1042 erg s−1
)0.48±0.03(
FWHMPβ
103 km s−1
)2
.
(1)
In this scaling relation, the luminosity and the FWHM
of the Pβ line represent the radius and the velocity of
the BLR. The measured MBH values of the red quasars
are listed in Table 2.
For the BH masses of normal type 1 quasars, we use
optical or UV spectral properties from Shen et al. (2011)
and use theMBH estimators of McLure & Dunlop (2004).
Note that we modified their formula so that it gives
log f = 0.05 by multiplying by a factor of 1.122. First,
we use λL
5100A˚
(L5100, hereafter) and FWHM of the Hβ
line with the equation of
MBH
M⊙
= 5.27
(
L5100
1044 erg s−1
)0.61(
FWHMHβ
km s−1
)2
. (2)
We use thisMBH estimator for 406 normal type 1 quasars
with the values of L5100 and FWHMHβ from Shen et al.
(2011). For the remaining four normal type 1 quasars
with no Hβ detection, we adopt Mg II and λL
3000A˚
(L3000) instead as
MBH
M⊙
= 3.59
(
L3000
1044 erg s−1
)0.62(
FWHMMgII
km s−1
)2
. (3)
4.2. Bolometric Luminosities
To obtain bolometric luminosities of red quasars, we
use several relations between the line luminosity, the con-
tinuum luminosity, and the bolometric luminosity. We
bootstrap the relations between LPβ and LHα (Kim et al.
2010), LHα and L5100 (Jun et al. 2015), and L5100 and
Lbol (Shen et al. 2011) to relate LPβ to Lbol. The com-
bined relationship is
log(
Lbol
1044 erg s−1
) = 1.29 + 0.969 log(
LPβ
1042 erg s−1
). (4)
The measured Lbol values of the red quasars are listed in
Table 2.
For the normal type 1 quasars for which BH masses
are estimated by a Hβ BH mass estimator, we convert
L5100 to the bolometric luminosity with a bolometric
5correction factor of 9.26 (Shen et al. 2011) for L5100. We
also measure the bolometric luminosities of four normal
type 1 quasars without Hβ detection from L3000 with a
bolometric correction factor of 5.15 (Shen et al. 2011).
4.3. Comparison of the Lbol and the MBH from
Different Estimators
Five of the red quasars in our sample overlap with the
thirteen red quasars studied by Urrutia et al. (2012). We
are thus able to compare the Lbol and the MBH val-
ues of these five red quasars (0825+4716, 0915+2418,
1113+1244, 1532+2415, and 1656+3821) from our
method versus the method adopted by Urrutia et al.
(2012). Urrutia et al. (2012) obtained Lbol by applying
a bolometric correction to their monochromatic luminos-
ity at 15µm (L15, hereafter), and derived MBH values
using L15 as a proxy for RBLR and FWHM of broad
emission lines (either Balmer or Paschen lines depending
on the availability). For comparison, the MBH values of
Urrutia et al. (2012) are rescaled to match the virial fac-
tor adopted in this paper. Figure 3 shows a comparison
of Lbol and MBH, which show a reasonable agreement
between two independent estimates, except for one out-
lier (1532+2415, a red circle in Figure 3). The Pearson
correlation coefficients are 0.863 and 0.370 for the Lbol
and the MBH, respectively, but the Pearson correlation
coefficient for MBH values increases to 0.683 if we ex-
clude the outlier. We note that the outlier has the largest
uncertainty of the Pβ line properties among the 16 red
quasars used in this study, with the fractional errors of
the FWHM and the flux as 38% and 45.5%, respectively.
The rms scatters (including measurement uncertain-
ties) of the Lbol and the MBH values with respect to
the one-to-one correlations are 0.306 dex and 0.479 dex,
respectively. In order to derive the intrinsic scatters
by removing the contribution from measurement uncer-
tainties, we performed a Monte-Carlo simulation 10000
times by assuming that the Lbol and the MBH values
from Urrutia et al. (2012) are identical to those from
Pβ measurements and adding measurement uncertain-
ties randomly. The median values of the scatters from
this simulation are taken to be the contribution to the
rms scatter due to measurement uncertainties, and they
are subtracted from the original rms scatters in quadra-
ture to obtain intrinsic scatter. Through this process,
we find that the intrinsic scatters in the correlations are
0.294 dex and 0.446 dex, respectively, suggesting that the
scatters in the two quantities are not due to measurement
errors.
In Figure 4, we compare the Eddington ratios from
Pβ to those from Urrutia et al. (2012). The comparison
shows a reasonable agreement between two values with
an rms scatter of 0.514 with respect to the one-to-one
correlation. However, if the outlier is excluded, the Ed-
dington ratios from Urrutia et al. (2012) are a bit larger
than those from Pβ by a factor of 1.85 (0.267 dex).
5. DISCUSSION
5.1. Accretion Rates of Red Quasars
In order to characterize the accretion rates of red
quasars, we compare the distribution of the Eddington
ratios (Lbol/LEdd, where LEdd denotes the Eddington
luminosity) of red quasars and those of normal type 1
quasars. The median Eddington ratios of the red quasars
and the normal type 1 quasars are 0.69 and 0.16, respec-
tively. Moreover, Figure 6 shows that the distributions
of the Eddington ratios of the red quasars and the nor-
mal type 1 quasars are clearly different, with the red
quasars having larger Lbol/LEdd values than the normal
type 1 quasars. In order to quantify how significantly
these two distributions differ from each other, we perform
the Kolmogorov-Smirnov test (K–S test). For the K–S
statistics, the maximum deviation between the cumula-
tive distributions of these two Eddington ratios, D, is
0.71, and the probability of the null hypothesis in which
Lbol/LEdd values of the two samples are drawn from the
same distribution, p, is only 9.07×10−8, confirming that
the Eddington ratios of the red quasars are clearly skewed
toward higher values in comparison to those of the nor-
mal type 1 quasars.
Because Eddington ratios can vary with BH mass, we
also show the Eddington ratio distribution of the sam-
ple divided into BH mass bins to account for any dif-
ference in the Eddington ratio distribution arising from
the BH mass effect (e.g., Shen et al. 2011). We divided
the red quasars and the normal type 1 quasars into a
low-mass (7.9 < log(MBH/M⊙) < 8.5) and a high-mass
(8.5 < log(MBH/M⊙) < 9.1) sample. For the low-mass
sample, 9 red quasars and 67 normal type 1 quasars are
selected, and their log(Lbol/erg s
−1) values have ranges
of 46.19–46.95 and 45.36–46.57 for the red quasars and
the normal type 1 quasars, respectively. The D and
the p values from a K–S test for these samples are 0.64
and 0.0015, respectively. The high-mass sample includes
7 red quasars and 177 normal type 1 quasars. The
log(Lbol/erg s
−1) values have ranges of 46.35–47.11 and
45.44–47.31 for the red quasars and the normal type 1
quasars, respectively. The D value is 0.61, and the p is
0.0074 between these two distributions. Again, we find
that the Eddington ratio distribution of red quasars is
significantly different from that of normal type 1 quasars,
independent of the BH mass. The Eddington ratio values
of red quasars are about 0.6–0.8 dex larger than those of
normal type 1 quasars.
There are three potential biases that could affect the
result–(i) the uncertainty in E(B − V ), (ii) the applica-
tion of the MBH estimator that is derived from normal
type 1 quasars, and (iii) the omission of four red quasars
without Pβ detection in the analysis. We discuss below
how much each item could affect the result.
First, the Eddington ratios of the red quasars could be
overestimated or underestimated, since the E(B−V ) val-
ues (Glikman et al. 2007; Urrutia et al. 2012) of the red
quasars can vary by as much as ∼ 0.5, depending on how
they are derived. For example, for the case of 1227+5053
of which E(B − V ) value is 0.38 (continuum-derived)
or -0.23 (Balmer decrement-derived)5, the extinction-
corrected Pβ luminosity can be over/underestimated by
a factor of 1.6 depending on the method for estimating
the E(B − V ) value. If we adopt an E(B − V ) value
of -0.23 from the Balmer decrement, the Eddington ratio
of 1227+5053 would decrease from 2.87 to 2.26. Note
5 Although the E(B − V ) value based on the Balmer
decrement, -0.23, is unphysical, the negative E(B − V )
value is due to the line flux measurement uncertainty, re-
lated to the low S/N of the spectrum.
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TABLE 2
Pβ parameters, BH masses, and Eddington ratios
Objects FWHMPβ log(LPβ) MBH Lbol Eddington Ratio M˙ τ
(km s−1) (erg s−1) (108 M⊙) (1046 erg s−1) (M⊙ year−1) (107 years)
0825+4716 3940±393 43.78±0.04 12.25±2.98 10.40±1.02 0.693 18.45 6.64
0911+0143 2907±206 42.93±0.04 2.59±0.44 1.54±0.16 0.486 2.73 9.48
0915+2418 3527±729 43.88±0.09 10.94±4.92 12.95±3.18 0.967 22.96 4.76
1113+1244 2054±107 43.71±0.03 3.09±0.52 8.92±0.67 2.360 15.82 1.95
1227+5053 2781±446 43.10±0.08 2.87±1.00 2.26±0.49 0.644 4.01 7.16
1248+0531 2697±123 43.03±0.02 2.49±0.32 1.93±0.12 0.633 3.43 7.27
1309+6042 2673±89 43.00±0.02 2.37±0.26 1.80±0.09 0.622 3.20 7.40
1313+1453 3793±96 43.42±0.01 7.62±0.92 4.65±0.17 0.499 8.25 9.24
1434+0935 1398±34 43.34±0.01 0.95±0.11 3.88±0.13 3.350 6.89 1.37
1532+2415 4071±1549 43.09±0.16 6.12±4.87 2.24±1.05 0.299 3.98 15.39
1540+4923 5397±1518 43.18±0.14 11.86±7.13 2.73±1.11 0.188 4.85 24.46
1600+3522 1887±228 43.38±0.06 1.81±0.49 4.26±0.63 1.927 7.55 2.39
1656+3821 3028±246 43.42±0.04 4.87±0.98 4.66±0.53 0.783 8.27 5.88
1720+6156 1818±205 43.16±0.06 1.31±0.33 2.58±0.38 1.613 4.58 2.86
2325−1052 2778±772 43.05±0.13 2.71±1.59 2.02±0.73 0.610 3.58 7.55
2339−0912 2927±140 43.67±0.03 5.95±0.95 8.03±0.55 1.102 14.23 4.18
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Fig. 3.— (Left): comparison of Lbol values derived from Pβ (this work) vs. Lbol values derived from L15 (Urrutia et al. 2012). The
black solid line indicates the case where the Lbol values from the two methods are identical. The outlier (1532+2415, red circle) has the
largest uncertainties of the FWHM and the luminosity among Pβ-based measurements. (Right): comparison of MBH values derived from
Pβ (this work) vs. MBH values derived from L15 and FWHM of broad emission lines (Urrutia et al. 2012). The meaning of the lines and
the red circle are identical to the left panel. The Lbol and MBH values agree to within 0.31 dex and 0.48 dex, respectively.
that this is a rather extreme case. Even if we decrease
the Eddington ratios of all of 16 red quasars by a fac-
tor of 1.6, the median Eddington ratios of red quasars is
0.55, which is still significantly higher than that of nor-
mal type 1 quasars of 0.16. Therefore, the uncertainty in
the reddening correction does not affect the result about
the Eddington ratios of red quasars, and this demon-
strates the power of using the NIR emission line in dusty
systems, as outlined also in the introduction.
Second, the Pβ MBH estimator that is derived from
normal type 1 quasars may not be applicable to red
quasars if the BLR physics of red quasars is very different
from that of normal type 1 quasars to the extent that the
virialMBH estimator does not hold for red quasars. This
is an open question, but we note that our red quasars
are moderately obscured quasars for which the BLR is
expected to be well-established. Therefore, the charac-
teristics of the BLR physics of red quasars should be very
similar to those of normal type 1 quasars.
Third, we omitted four red quasars from our analysis
(1106+2812, 1159+2914, 1415+0903, and 1523+0030)
because their Pβ lines were not detected with S/N >5,
and this may bias the result. Among the four red
quasars, we estimated L5100 and FWHMHβ values for
1106+2812, 1415+0903, and 1523+0030 using the optical
spectra from Glikman et al. (2006, 2012) and NIR spec-
tra from our IRTF data, but we could not estimate the
FWHMHβ for 1159+2914 due to low-quality data (S/N
<3). From L5100 and FWHMHβ , we computed Lbol
andMBH values and the Eddington ratios, and we found
that the Eddington ratios of 1106+2812, 1415+0903, and
1523+0030 are 0.477, 0.186, and 0.266, respectively. If
the Eddington ratios of the three red quasars are included
in the Eddington ratio comparison, the D and p values
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Fig. 4.— Comparison of the Eddington ratios from Urrutia et al.
(2012) and those from Pβ. The black solid line indicates the case
where the Eddington ratios are identical, and the meaning of the
red circle is identical to Figure 3. If the outlier is excluded, the
Eddington ratios from Urrutia et al. (2012) are a bit larger than
those from Pβ.
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Fig. 5.— The Lbol versus MBH of red quasars and normal type
1 quasars. The red quasars are shown with open circles, and the
colors in the circles represent their dust reddening values. The
blue dots indicate the Lbol and the MBH values of normal type
1 quasars. The dotted, dashed, and dash-dotted lines indicate
Eddington ratios of 1.0, 0.1, and 0.01, respectively.
from the K–S test are 0.63 and 4.34×10−7, respectively,
which are nearly identical to the result without the three
red quasars.
We conclude that red quasars have high accretion
rates, with Lbol/LEdd ≃ 0.69. This Eddington ratio is
higher than normal type 1 quasars by a factor of 4–5.
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Fig. 6.— (A): distributions of the Eddington ratios of red quasars
and normal type 1 quasars. The red solid and the blue dashed
histograms represent the red quasars and normal type 1 quasars,
respectively. (B): distributions of the Eddington ratios for the
high BH mass sample (108.5 < MBH/M⊙ < 10
9.1). (C): dis-
tributions of the Eddington ratios for the low BH mass sample
(107.9 < MBH/M⊙ < 10
8.5).
These results, although limited by the modest size of
the sample used in this study, are consistent with the
scenario that red quasars are in the intermediate stage
between merger-driven star-forming galaxies and the nor-
mal type 1 quasars, rather than a scenario in which the
red colors of red quasars originate from a viewing an-
gle difference in an AGN unification scheme. Under the
merger-driven quasar evolutionary scenario as depicted
in Figure 7, the early phase of major mergers drives gas
toward the central region of the galaxy due to the loss of
the gas’ angular momentum through a dissipative, vio-
lent merging. This process can fuel the BH activities and
a rapid BH growth inside a dust-enshrouded host galaxy
(Hopkins et al. 2005, 2008). Such a merger-driven quasar
evolutionary scenario also has observational support, es-
pecially for luminous quasars (e.g., Hong et al. 2015).
5.2. Duration of Red Quasar Phase
The duration period of quasar activity is uncertain,
with a wide range of possible values of 106–108 years
(Martini 2004). Quasars shine at the bolometric lumi-
nosity of Lbol = ǫM˙c
2, where ǫ is the radiation effi-
ciency that has a value of ǫ ≃ 0.1 for luminous quasars
(Martini 2004). Under the Eddington-limited accre-
tion (maximal accretion), BH mass can grow exponen-
tially as ∼ exp(t/τS), where τs is the Salpeter time,
τS = 4.5 × 10
7(ǫ/0.1) years. If the quasar lifetime is
< 107 years, this is less than Salpeter time, and it can-
not account for the growth of SMBHs to MBH ∼ 10
9M⊙
from a seed BH with MBH < 10
6M⊙. Hence, it has been
suggested that SMBHs underwent an extended growth
period, including a red quasar phase that can last more
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Fig. 7.— Schematic outline of the galaxy evolution scenario from ULIRG to normal type 1 quasars. Image credits belong to Rothberg et al.
(2013), Urrutia et al. (2008), and Bahcall et al. (1997).
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Fig. 8.— (A): MBH distributions of red quasars and normal
type 1 quasars. The red solid and the blue dashed histograms
represent red quasars and normal type 1 quasars, respectively.
(B): MBH distributions for high-luminosity quasars (10
46.6 <
Lbol/erg s
−1 < 1047.2). (C):MBH distributions for low-luminosity
quasars (1046.0 < Lbol/erg s
−1 < 1046.6).
than a few ×108 years (Kelly et al. 2010).
We can see if such a growth makes sense by estimat-
ing the red quasar duration time from the accretion rate
andMBH of our red quasar sample. Since the Eddington
ratios are roughly 1 for red quasars, we can propose that
the BH mass grows exponentially as ∼ exp(t/τ) and use
the characteristic time τ as a rough estimate of the du-
ration of the red quasar phase. Here, M˙ is derived using
the relations of Lbol = ǫM˙c
2 (assuming ǫ = 0.1), and
τ =MBH/M˙ .
The derived M˙ and τ values are listed in Table 2, and
we find that τ values range from 107 to 2× 108 years, or
∼ 7 × 107 years on average. We see from Figure 8 that
the average BH mass of normal type 1 quasars is a few
times larger than that of red quasars. To grow the BH
mass this much during the red quasar phase, we need
only one to two Salpeter time, which supports the use of
τ values as estimates of the duration of the red quasar
phase.
Our estimate of the red quasar duration time is ∼10
times larger than the value presented in Glikman et al.
(2012). The estimate in Glikman et al. (2012) relies on
the fraction of red quasars to normal type 1 quasars (∼
20%) and assumes a duration time of 107 years for normal
type 1 quasars. The difference can be reconciled if we
adopt a duration time of ∼ 108 years for normal type 1
quasars as found in Kelly et al. (2010) and Cao (2010).
Since the Eddington ratios of normal type 1 quasars are
×5 times lower than those of red quasars, the growth
rate of BH masses in normal type 1 quasars is much
lower than red quasars and the long duration time does
not lead to the over-growth of BH mass. Alternatively,
we can reconcile the two results if ǫ≪ 0.1 during the red
quasar phase.
6. SUMMARY
We estimated the Eddington ratios of 16 red quasars
at z ∼ 0.7 (0.56 < z < 0.84) using the Pβ line to min-
imize the extinction due to dust in red quasars. We
compared the distribution of the Eddington ratios of the
red quasars to those of normal type 1 quasars. For the
Eddington ratios of normal quasars, 410 normal type 1
quasars at z ∼ 0.7 in the SDSS DR7 quasar catalog
were used. We show that the Eddington ratios of red
quasars are significantly higher than those of normal type
1 quasars by a factor of 4.3. Furthermore, for a give Ed-
dington ratio, the averageMBH of red quasars is smaller
than that of normal type 1 quasars. In other words, red
quasars are more active and rapidly growing BHs than
normal type 1 quasars, which agrees with the scenario
that red quasars are in an intermediate stage between
merger-driven star-forming phase and a visible normal
quasar phase.
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Spectrum of 0911+0143
λ fλ fλ Uncertainty
(A˚) (erg s−1 cm−2 A˚−1) (erg s−1 cm−2 A˚−1)
9381 -3.388E-17 2.237E-17
9384 -7.517E-15 1.877E-17
9387 2.428E-17 2.087E-17
9389 2.050E-17 2.272E-17
9392 1.747E-17 1.711E-17
9395 -7.548E-19 2.203E-17
9398 2.973E-17 1.968E-17
9400 5.394E-17 1.918E-17
9403 3.614E-17 2.249E-17
Note. — This table displays only a part of the spec-
trum of 0911+0143. The entire spectra of five red quasars
are available as a tar file in the electronic version of the
Journal.
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APPENDIX
NIR SPECTRA OF RED QUASARS
We provide reduced NIR spectra of five red quasars (0911+0143, 1248+0531, 1309+6042, 1313+1453, and
1434+0935). Table 3 is an example spectrum of 0911+0143. The full version of the reduced spectra is available
in machine readable table form.
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